A new set of oscillator strengths and transition probabilities is reported for 92 radiative transitions of nine-times ionized xenon, Xe X, in the extreme ultraviolet region from 110 to 164 Å . They have been obtained by two different theoretical approaches, i.e. the pseudo-relativistic Hartree-Fock (HFR) and the fully relativistic multiconfiguration Dirac-Hartree-Fock (MCDHF) methods, which allowed us to estimate the precision of the final results. The eigenvector compositions are also given for the first time for all the experimentally known energy levels in Xe X.
Introduction
In laboratory plasma physics, the radiative properties of noble gas ions present a particular interest since they can be injected into nuclear fusion installations, in the form of solidified pellets, for both fuel introduction and plasma diagnostics [1] [2] [3] . As an example, if xenon was inserted into ITER, it could be pumped out without leaving residuals on plasma-facing material, and thus would not be recycled in subsequent discharges. Moreover, the xenon atoms would strip to helium-like ions at the highest plasma temperatures. Consequently, the identification of emission lines and the knowledge of spectroscopic parameters from all ionization stages of xenon will greatly aid modelling of the plasma and facilitate the analysis of the spectra used for the estimation of physical conditions inside the fusion reactors such as densities and temperatures.
The spectroscopic properties of some xenon ions have already been the subject of different experimental and theoretical studies so far. In particular, as summarized in a recent review paper [4] , pulsed high-current-high-voltage electrical discharges were widely used in La Plata, Argentina, to produce a low-pressure xenon plasma in order to identify many spectral lines of Xe III, Xe IV, Xe V, Xe VI, Xe VII, Xe VIII, and Xe IX in the UV, visible * Corresponding author.
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and infrared regions [5] [6] [7] [8] [9] [10] [11] . In these investigations, time-resolved experiments and relativistic Hartree-Fock calculations were also performed to obtain radiative lifetimes and transition probabilities. Moreover, the energy levels and spectral lines belonging to all xenon ionization stages for which experimental data were available before 2004, i.e. Xe I -Xe XI, Xe XIX, Xe XXV -Xe XXIX, Xe XLIII -Xe XLV, and Xe LI -Xe LIV, were compiled by Saloman [12] .
As regards the radiative decay rates, we recently carried out large scale-calculations of lifetimes, oscillator strengths and transition probabilities in moderately charged xenon ions, from Xe V to Xe IX [13] [14] [15] [16] . As a natural extension of these latter works, in the present paper, we report the theoretical calculations of electronic structure and decay rate parameters in nine-times ionized xenon, Xe X, for which no reliable data has been published so far. This ion is a bit more complicated to model than lower ionization stages due to the fact that, in addition to configurations of the type 4d k and 4d k-1 nl , some low-lying energy levels have been identified as belonging to the core-excited 4p 5 4d k + 1 configuration ( k = 9). It is therefore obvious that a core-polarization model potential, like the one used in the HFR + CPOL approach [17, 18] , is not sufficient to take such core-valence interactions into account which can only be considered by the explicit inclusion of core-excited configurations in the multiconfiguration expansions.
In view of the complete lack of experimental radiative parameters available for Xe X, the accuracy of the data obtained in our work has been assessed through the comparison between two independent theoretical approaches, i.e. the pseudo-relativistic Hartree-Fock (HFR) [19] and the fully relativistic multiconfiguration Dirac-Hartree-Fock (MCDHF) [20] methods, both of them including explicitly the most important intravalence and core-valence electron correlations. This allowed us to compute, for the first time, the oscillator strengths and transition probabilities for a set of 92 spectral lines involving experimentally known energy levels in ninetimes ionized xenon, in the EUV wavelength range from 110 to 164 Å .
Theoretical methods

Pseudo-relativistic Hartree-Fock calculations
In a first step, the pseudo-relativistic Hartree-Fock (HFR) method, as described by Cowan [19] , was applied for modelling the atomic structure and computing the radiative transition rates in Xe X. The electron correlation was considered by retaining explicitly in the physical model the following 13 even-parity and 11 odd-parity configurations, respectively: 4d 9 + 4d 8 5s + 4d 8 6s + 4d 8 7s + 4d 8 5d + 4d 8 6d + 4d 7 5s 2 + 4d 7 5p 2 + 4 d 7 5d 2 + 4d 7 5s6s + 4d 7 5s5d + 4d 7 5s6d + 4p 5 4d 9 5p, and 4d 8 5p + 4d 8 6p + 4d 8 7p + 4d 8 4f + 4d 8 5f + 4d 8 6f + 4d 7 5s5p + 4d 7 5s6p + 4d 7 5p5d + 4d 7 5p6s + 4p 5 4d 10 . These sets of configurations are expected to take the most important intravalence and core-valence interactions into account for the lowest configurations in both parities and thus for the transitions considered in the present work, i.e. 4d 9 -4d 8 5p, 4d 9 -4d 8 4f and 4d 9 -4p 5 4d 10 . In particular, in view of their low average energies, it was necessary to explicitly include the 4p 5 4d 10 and 4p 5 4d 9 5p core-excited configurations in the physical model, preventing to use a core-polarization pseudopotential, as developed in the HFR + CPOL method depending on two parameters, i.e. the dipole polarizability and the cut-off radius of the ionic core [17, 18] . However, it was recently shown that core-polarization effects were not very large in the case of Xe IX, the HFR + CPOL transition rates being found to be only a few percent different from the HFR values [16] . Therefore, instead of using the HFR + CPOL approach, we used the original HFR method of Cowan [19] in which the most important core-valence correlation effects were taken into account by explicitly including some configurations with one hole in the 4p subshell.
In order to simulate the interactions with more distant configurations, the HFR method was then combined with a well-known semi-empirical fitting procedure of the calculated eigenvalues to all the available experimental energy levels taken from [12] . Thus, the average energies (E av ), Slater integrals (F k , G k , R k ), spin-orbit parameters ( ζ nl ) and effective interaction operators ( α) belonging to the 4d 9 , 4d 8 5p, 4d 8 4f, and 4p 5 4d 10 configurations were adjusted to minimize the differences between computed and experimental energy levels, leading to mean deviations of 0 cm −1 for the even parity (2 levels) and 162 cm −1 for the odd parity (60 levels). The parameters adopted in the HFR calculations are given in Table 1 . For all the other configurations than those listed in this table, the ab initio HFR values of the Slater integrals were reduced by 10%, as recommended by Cowan [19] , while the spin-orbit parameters, computed by the Blume-Watson method, were used unscaled. This scaling of the Slater electrostatic interaction integrals is a well-established practice allowing to consider the effect of farinteracting configurations non-explicitly included in the physical model. The detailed comparison between HFR and experimental energy levels is given in Table 2 , in which the main LS eigenvector components are also reported. We note that a large majority of the levels considered in our work appear to be strongly mixed, the average LS purity being found equal to 40% for the 60 odd-parity levels, with values as low as 20-30% for about fifteen levels.
Fully relativistic Dirac-Hartree-Fock calculations
In order to calculate the oscillator strengths of the E1 transition arrays 4d 9 J = 3/2,5/2 -(4p 5 4d 10 + 4d 8 5p + 4d 8 4f) J = 1/2 °-7/2 °, the fully relativistic multiconfiguration Dirac-Hartree-Fock (MCDHF) method [20] was used as implemented in the GRASP2K atomic structure computer package [21] . In this method, the atomic state function (ASF), , is represented by a superposition of configuration state functions (CSF), , with the same parity, , total angular momentum, J, and total magnetic quantum numbers, M J , forming a basis set of the representation, { k }, as
where { c k } are the mixing coefficients, γ k represent all the other quantum numbers needed to uniquely specify the CSF built from one-electron spin-orbitals φ n κm (r, θ , ϕ ) , of the form:
P n κ (r) and Q n κ (r) are, respectively, the large and the small radial components of the wave functions, and the angular functions χ κm ( θ , ϕ) are the spinor spherical harmonics [20] . The quantum number κ is given by:
where κ = -( j + ½) a , with a defined so that
The radial wavefunctions P n κ (r) and Q n κ (r) are numerically represented on a logarithmic grid and are required to be orthonormal within each κ symmetry. In the MCDHF variational procedure, the [12] . b HFR composition in LS-coupling. Only the first three components greater than 5% are given. radial functions and the expansion coefficients c k are optimized to self-consistency [20, 22] . In the present work, the spectroscopic configurations, i.e. 4s 2 4p 6 4d 9 (J = 3/2,5/2), for the even parity, and 4s 2 4p 5 4d 10 , 4s 2 4p 6 4d 8 5p and 4s 2 4p 6 4d 8 4f (J = 1/2-7/2), for the odd parity, were used as reference configurations to generate all the CSFs forming the basis set by single and double electron excitations to 4 s, 4p, 4d, 4f, 5 s, 5p, 5d and 5f orbitals. This led to a total number of 770 596 CSFs, ensuring that the most important corevalence and valence-valence correlations were taken into account. The orbitals were then optimized using the extended average level (EAL) option of GRASP2K [20, 21] in separated Dirac-Hartree-Fock (DHF) calculations that included all the states of non-relativistic electronic configurations as follows:
-All the core orbitals, i.e. 1 s to 3d, along with the orbitals 4 s, 4p and 4d were obtained by an EAL DHF optimization on the ground configuration 4d 9 ; -The orbitals 4f, 5 s, 5p, 5d and 5f were optimized on the configurations 4d 8 4f, 4d 8 5s, 4d 8 5p, 4d 8 5d and 4d 8 5f, respectively.
So as to improve the calculations, the orbitals 4p, 4d, 4f and 5p were then re-optimized, keeping frozen all the other orbitals, in an extended optimized level (EOL) variational procedure using the basis of 770 596 CSFs and by minimizing an energy functional built from the first 99 ASFs of each J symmetry.
Finally, higher-order relativistic effects, such as the Breit interaction, QED self-energy and vacuum polarization effects [20] , were incorporated in the relativistic configuration interaction (RCI) step of the GRASP2K program [21] .
The MCDHF energy levels are compared with the available experimental values, as well as with the HFR ones, in Table 2 .
Radiative decay parameters
In Table 3 , we give the oscillator strengths and transition probabilities computed in the present work using both methods described hereabove for a set of 92 Xe X transitions with HFR log gf-values greater than −4.0. These lines appear in the extreme ultraviolet spectral region from 110 to 164 Å . When comparing the results obtained with our two computational approaches, one can notice an overall good agreement (within 20-30%). This general agreement is illustrated in Fig. 1 where oscillator strengths are compared for all transitions listed in Table 3 . When looking into more details, we found that, for the whole set of 92 transitions, the average ratio gA MCDHF /gA HFR was equal to 0.965 ± 1.438, where the uncertainty represents the deviation from the mean. The rather large value of the latter is essentially due to transitions affected by strong cancellation effects in the HFR calculations or significant discrepancies between the Babushkin and Coulomb gauges in the MCDHF calculations. Indeed, when considering only transitions for which the HFR line strengths are such that the cancellation factors (CF), as defined by Cowan [19] , are larger than 0.05 and, at the same time, the MCDHF results for which the Babushkin gauge do not differ by more than 20% from the Coulomb one, the scattering between HFR and MCDHF transition probabilities is considerably reduced, the average ratio gA MCDHF /gA HFR being then found to be equal to 1.004 ± 0.617. In order to make the use of our new radiative data easier, the cancellation factors obtained in the HFR calculations, as well as the ratio between the Babushkin and Coulomb MCDHF results, are also reported for all Xe X transitions in Table 3 .
Conclusion
Using two different theoretical approaches, it has been possible to obtain, for the first time, a set of reliable radiative parameters, i.e. oscillator strengths and transition probabilities, for 92 Xe X spectral lines appearing in the extreme ultraviolet region. These new results, for which an overall agreement within 20-30% was found between both methods, complete those we recently published for Xe V-Xe IX ions and are expected to be useful for applications in other scientific areas, such as laboratory plasma physics, where xenon ions are supposed to present a particular interest.
